Abstract-A simple model is presented for the oblique backscatter and bistatic scatter from a smooth surface overlain by a diffuse layer. Only single scattering in the diffuse layer is taken into account. The model analysis shows that the combination of volume scattering and oblique reflection at the surface may increase appreciably the waves scattering. The scattering strongly depends on the properties of the smooth surface. These results support some of the observations made with the Seasat spaceborne imaging radar over flooded regions with heavy vegetation cover.
INTRODUCTION
IN A RECENT PAPER, MacDonald et al. [5] reported that in their analysis of Seasat SAR data, they observed anomalous tonal variations in areas having relatively uniform and homogeneous vegetation canopy. They found that under certain conditions, the radar waves penetrate the vegetation canopy, and that high return is observed in region with standing surface water. Fig. 1 shows an example of a Seasat SAR image which illustrates this effect.
In this paper, we present a simple theoretical model which shows that the presence of a diffuse vegetation layer over a smooth surface could, in some cases, increase appreciably the backscattering cross section at oblique angles. In the absence of any vegetation layer, the backscattering cross section from a smooth surface is nul at oblique angles. If a layer of scatterer covers the smooth surface, the combination of scattering in the layer and reflection at the surface could lead to oblique backscatter larger than if the layer is by itself. Another way of viewing this effect was given by MacDonald et al. [5S . As the wave penetrates the layer, its amplitude and phase are modified randomly. When this wave interacts with the smooth surface, the effect is similar to the case of the plane wave with a randomly rough surface.
The problem of scattering from a scattering layer using the Dyson equation and the first-order normalization method was investigated by Fung [3] . In this paper, we present a very simple model which seems to explain the effect observed experimentally and gives an approximate solution for the backscattering of linear and circular waves and the bistatic scattering of linear waves. It is assumed that the vegetation layer cover be represented by a uniform layer of particles small relative to the wavelength. In the case of the Seasat SAR, the radar wavelength was 24 cm. In Section 11, we present the general theoretical formulation for the backscatter with linear polarization. In Section 111, we discuss the special case of small scattering particles. In Sections IV and V, we consider the case of circular polarization. Finally, in Section VI, we discuss the case of bistatic scattering. In all our analysis we neglect multiple scattering in the diffuse layer. Because the scattering element has equal probability to be at any location in the layer, then by integrating over the thickness of the scattering layer we get E a(O, 0) + Ma(6, rl -0)ih
where a = 'yL/cos 0, y is the loss per unit length, and L is the layer thickness.
III. SPECIAL CASE OF SMALL SPHERICAL PARTICLES
The most simple case is when the scattering particles size is much smaller than the wavelength (i.e., X > 4Ha, a = particles size). In this case, the scattering is given by [ 1 ] (r-O, -0) = (0 0) = 0 =4HIa2 p 2 (koa)4 (3) and a(0, Hl -0) = 4Hla2 P where ePI, e,P2 are the real and imaginary part of the particles relative dielectric constant, M is the mass density of the scattering layer in g/m3, p is the density of the particles in g/cm3, and X is the wavelength in cm.
The behavior of A = St /a0e' sinh a as a function of the observation geometry and the relative dielectric constant e is illustrated in Fig. 3 . A represents the additional factor which results from the presence of a reflecting surface below the scattering layer.
In the case of a thick layer, yL >> 1 and A = 1, the presence of the reflecting surface has no effect. This is due to the fact that almost no energy penetrates through the layer and 
where ± corresponds to the right and left circular polarization, respectively. The scattered field from the particle is equal to Es = S1 (0)Evev ± iS2 (0)EHeH (12) and after reflection Thus the backscattering cross section is increased by 3 to 6 dB due to the presence of the totally reflecting surface. Fig. 3 shows A vv and AHH as a function of the incidence angle. We considered the cases of c = 3, 9, and oo (perfectly reflecting surface) and yL = 0 and 1. It is clear that for small yL (i.e., appreciable penetration in the vegetation layer), the surface interface can play an appreciable role. For instance, in the case of the Seasat radar configuration (HH, 200 incidence angle), the change in the surface dielectric constant from e = 3 to = leads to an increase in the backscatter by 4/1.2 = 3.3 (i.e., 5.2 dB). This is qualitatively consistant with the Seasat SAR observations over swampy and flooded regions with vegetation cover (Fig. 1) .
IV. FORMULATION OF THE BACKSCATTERING CROSS SECTION FOR CIRCULAR POLARIZATION
The four backscatter configurations are the same as in Fig. 2 . For the configuration where only scattering occurs (Fig. 2(a) ), we have (neglecting absorption loss for the time being) which is an elliptically polarized return. An elliptically polarized wabve can be subdivided into two circularly polarized waves. Therefore, we get S1(0)R' -S2(0)RI 2
The same expressions apply to the configuration in Fig. 2(c) .
In the case of scattering and double reflection ( Fig. 2(d) ), following the same steps as above and remembering that the scattering at the particle is backward not bistatic, then we find
(lOa) Therefore, the total backscattering cross section is given by
where the subscript L and R refers to right and left circular polarization. Let us consider next the configuration in Fig. 2(b) (i.e., scattering and reflection). The incident wave is given by (see These plots correspond to the case of circular polarization.
[ sinh a +2 S1(0)R + S2 (0)RL2i ( 1 7b For the case of large e, the direct polarization factor (ARL = ALR) varies from 4 at normal incidence to 2 at grazing incidence. The depolarized factor varies from zero at normal incidence to 2 at grazing incidence.
VI. BISTATIC SCATTERING The approach used in the previous sections to derive the backscattering cross section can also be used to derive the bistatic scattering cross section. Assuming that the incoming and outgoing waves are in the same plane, and that only single scattering is accounted for, the different ray tracing possibilities are shown in Fig. 6 . For scattering particles that are nondirectional, the scattering cross section for the four configurations in Fig. 6 are given by, respectively, VI. CONCLUSION If the electromagnetic energy is not appreciably absorbed or scattered by the diffuse layer, the bottom interface will play an important role in oblique backscattering even if it is perfectly smooth. This effect is also important in bistatic scattering. In the case of the Seasat radar data shown in Fig. 1 , the theory presented in this paper verifies the observation by MacDonald et al. [5] that the presence of a water interface (due to flooding) below the vegetation canopy will increase the surface scattering at oblique angles. We also presented how this effect depends on the polarization of the wave and its incidence angle.
The theory presented here is based on simple ray tracing and single scattering. In a future paper, we will present the case of multiple scattering and a rough interface surface.
